Abstract. MicroRNAs (miRNAs) are a conserved class of small non-coding RNAs that play important roles in diverse biological processes, including chemoresistance. However, the molecular mechanism as to how miR-203 modulates the chemosensitivity to 5-fluorouracil (5-FU) in colorectal cancer is poorly known. In the present study, we found that miR-203 was downregulated in the 5-FU-resistant cell line LoVo/5-Fu, and was inversely correlated with the extent of 5-FU chemoresistance. Cytotoxicity assay showed that the inhibition of miR-203 expression enhanced 5-FU chemoresistance in colorectal cancer cells, while miR-203 overexpression increased 5-FU chemosensitivity. We then validated that thymidylate synthase (TYMS) was a direct target of miR-203 and miR-203 suppressed TYMS protein levels. Silencing of TYMS enhanced 5-FU chemosensitivity, similar to the roles of miR-203. Finally, we discovered that miR-203 increased the inhibitory effects of 5-FU on tumor growth in vivo. Overall, our data indicate that miR-203 enhances 5-FU chemosensitivity via the downregulation of TYMS in colorectal cancer and provide important insight into the mechanism of 5-FU resistance in colorectal cancer patients. More important, the present study suggests that miR-203 has the potential as a therapeutic strategy for 5-FU-resistant colorectal cancer.
Introduction
Colorectal cancer is the third leading cause of cancer-related deaths worldwide, and the 5-year survival rate is mostly dependent on the cancer stage, resulting in a survival rate ranging from 10 to 95% (1) . If patients are not diagnosed in the early stage, this malignancy seriously threatens patient survival. 5-Fluorouracil (5-FU) is a widely used therapeutic agent for treating advanced colorectal cancer (2) . However, some patients develop 5-FU resistance which is a major obstacle to effective therapy. Therefore, there is urgent need to elucidate the molecular mechanism underlying the 5-FU resistance in colorectal cancer cells and develop novel diagnostic biomarkers for 5-FU resistance that will facilitate the development of therapeutic strategies for colorectal cancer patients.
Thymidylate synthase (TYMS) is a key therapeutic target of 5-FU and serves as a predictive biomarker of the cellular response to 5-FU treatment. The antitumor effect of 5-FU was found to be promoted by rosemary extract via the downregulation of TYMS in 5-FU-resistant colorectal cancer cells (3) . One study demonstrated that metastatic colorectal cancer that did not response to 5-FU treatment had a high TYMS level (4) . High TYMS expression induces 5-FU resistance in human colon cancer cells that are continuously exposed to 5-FU (5) . In addition, TYMS is associated with 5-FU resistance of colon and gastric cancers (6, 7) .
Emerging evidence demonstrates that ~60% of proteincoding genes are controlled by microRNAs (miRNAs) (8) , which are a conserved class of small (~22 nt) non-coding RNA molecules and that target mRNA cleavage or translational repression via binding to the sequences on the 3' untranslated region (3'UTR) of target mRNAs with complete or incomplete complementarity (9) . miRNAs play important roles in diverse biological processes, such as cell proliferation, cell death and developmental timing (10) . Evidence indicates that aberrant miRNA expression is linked to the initiation and development of diverse cancers, as well as cancer cell resistance to therapeutic agents (11) (12) (13) . For example, miR-129 increases cell sensitivity to 5-FU by targeting Bcl-2 in colorectal cancer (14) . miR-433 enhances HeLa cellular sensitivity to 5-FU by downregulating TYMS (15), a first report concerning the regulation of TYMS by miRNAs in the cell response to 5-FU. However, the regulation of cell resistance to 5-FU by miR-203 in colorectal cancer remains known.
In the present study, we found that miR-203 was downregulated in 5-FU-resistant cell line LoVo/5-Fu compared with LoVo cells using miRNA microarray. miR-203 expression was inversely correlated with the extent of 5-FU resistance. miR-203 inhibition enhanced cell resistance to 5-FU, while miR-203 overexpression increased 5-FU sensitivity. TYMS was validated as a direct target of miR-203 and TYMS knockdown resulted in similar effects on the cellular response to Proteins were also extracted from the tumor tissues using RIPA according to the manufacturer's protocols. Proteins (30 µg) were separated on a SDS-PAGE gel and then transferred to a polyvinylidene difluoride (PVDF) membrane, followed by incubation with 5% milk. The membrane was incubated in the mouse monoclonal to TYMS antibody (used as a primary antibody) (1:1,000; Abcam, USA) overnight at 4˚C, and subsequently in the HRP-conjugated goat anti-mouse antibody (used as a secondary antibody) for 1.5 h. Finally, the protein signals were detected using enhanced chemiluminescence (ECL) according to the manufacturer's instructions. GAPDH was used as a loading control to normalize the expression of TYMS.
Luciferase assay. The 3'UTR of TYMS containing the binding site for miR-203 was amplified and cloned in the downstream region of a luciferase coding gene. Several base mutations within the binding site were generated using a QuikChange ® site-directed mutagenesis kit (Stratagene, USA). Colorectal cancer cells were co-transfected with either 40 nM miR-203 ASO or miR-203 mimics and 200 ng of wild-type or mutant TYMS 3'UTR. After transfection for 48 h, cells were harvested to analyze the luciferase intensity using a Dual-Glo luciferase assay (Promega, USA) according to the manufacturer's instructions. Renilla luciferase intensity was used to normalize the firefly luciferase intensity. Statistical analysis. All experiments were confirmed at least three times. The data are shown as means ± standard deviation (SD) and one representative data value is shown in the present study. The statistical significance was evaluated using two-tailed Student's t-test between two groups and analyzed using GraphPad Prism software. A difference was considered statistically significant at a value of p<0.05. 
Results

miR-203 is downregulated in 5-FU resistant cells.
To investigate the differentially expressed miRNAs in 5-FU-resistant cells, we performed miRNA microarray between the LoVo and LoVo/5-Fu cells and found that miR-203 was expressed to the lesser degree in the LoVo/5-Fu cells. Cytotoxicity assay indicated that LoVo/5-Fu (MR) and LoVo/5-Fu (HR) cells had a higher IC 50 value for 5-FU than that of the LoVo cells (Table I) , while there was no significant difference in the IC 50 value for CDDP among these cell lines. Based on the miRNA microarray data, miR-203 expression was confirmed using qRT-PCR in the LoVo, LoVo/5-Fu (MR) and LoVo/5-Fu (HR) cell lines (Fig. 1) . Taken together, these data indicate that miR-203 expression may be negatively correlated with the IC 50 value of 5-FU, suggesting that miR-203 is closely related to 5-FU chemosensitivity.
miR-203 inhibition enhances 5-FU chemoresistance in colorectal cancer cells.
To determine the effect of miR-203 on the cell sensitivity to 5-FU in colorectal cancer, we first detected miR-203 expression in a series of colorectal cancer cell lines. qRT-PCR assay showed that miR-203 was upregulated in most of the colorectal cancer cell lines, except Caco2 cells (Fig. 2A) . Second, we suppressed endogenous miR-203 expression in LoVo and SW480 cells by transient transfection with miR-203 ASO or scrambled control. We found that miR-203 was significantly reduced in the miR-203 ASO-transfected cells (Fig. 2B) . Finally, cytotoxicity assay indicated that miR-203 inhibition resulted in an increase in the survival rate of LoVo cells, which implies that miR-203 inhibition enhances the chemoresistance to 5-FU (Fig. 2C) . Similar results were observed in the SW480 cells (Fig. 2D) . (Fig. 3A) . From the cytotoxicity assay, we found that miR-203 overexpression reduced the survival rate of LoVo/5-Fu (HR) cells compared with the controls (Fig. 3B ). In line with the roles of miR-203 in LoVo/5-Fu (HR) cells, miR-203 overexpression resulted in a decrease in the survival rate of Caco2 cells (Fig. 3C ) and HT29 cells (Fig. 3D) . Taken together, these data suggest that miR-203 overexpression increases the cell sensitivity to 5-FU.
TYMS is a direct target of miR-203.
We discovered that there was a putative binding site for miR-203 in the 3'UTR of TYMS mRNA (Fig. 4A) , which has been validated to be involved in 5-FU chemoresistance. We then constructed a luciferase reporter that contained the TYMS 3'UTR downstream of the luciferase coding gene. In addition, a mutant TYMS 3'UTR was also generated as shown in Fig. 4A . LoVo and Caco2 cells were co-transfected with either miR-203 ASO or miR-203 mimics and wild-type or mutant TYMS 3'UTR for luciferase assay. As shown in Fig. 4B , we found that LoVo cells with miR-203 ASO had a higher level of TYMS 3'UTR intensity than the control cells, while Caco2 cells with miR-203 mimics had a lower intensity. However, neither miR-203 ASO nor miR-203 mimics affected the intensity of mutant TYMS 3'UTR (Fig. 4B) . The luciferase assay suggests that miR-203 suppresses TYMS expression via binding to its 3'UTR. To further investigate the roles of miR-203 on TYMS protein level, colorectal cancer cells transfected with either miR-203 ASO or miR-203 mimics were subjected to western blot assay (Fig. 4C) . We found that miR-203 inhibition increased TYMS protein levels, while miR-203 overexpression reduced TYMS expression. Overall, these data indicate that TYMS is a direct target of miR-203 in colorectal cancer cells.
Silencing of TYMS increases 5-FU chemosensitivity.
Considering that TYMS is a target of miR-203, we next investigate the effects of TYMS on the cell sensitivity to 5-FU in colorectal cancer cells. LoVo and Caco2 cells were transfected with TYMS-specific siRNAs and scrambled siRNA control. As shown in Fig. 5A , we found that cells with siRNA1 and siRNA2 specific for TYMS had a lower TYMS protein level than that in the control. Since siRNA2 resulted in a more marked decrease in TYMS level than siRNA1, we chose siRNA2 for the cytotoxicity assay. We found that TYMS knockdown suppressed the survival rate of the LoVo cells compared with the control (Fig. 5B) . Similar data were obtained for Caco2 cells (Fig. 5C ). These results indicate that TYMS knockdown increases cell sensitivity to 5-FU, similar to the roles of miR-203 overexpression.
miR-203 enhances 5-FU cytotoxicity in vivo.
To determine whether the delivering of miR-203 in vivo increases the cytotoxic effect of 5-FU, we established a mouse colorectal cancer model by subcutaneously injected 10 6 LoVo cells in NOD/SCID mice. When the volume of the tumor xenografts reached ~100 mm 3 (on day 12), we randomly separated the mice into four groups and each group was treated with either miR-203 control or miR-203, or 5-FU alone, or miR-203 together with 5-FU. The injection was performed every three days until day 25 when the tumors were collected. miR-203 expression was quantified by qRT-PCR in the tumor xenografts. We found that miR-203 expression increased in the mice treated with miR-203 (Fig. 6A) , indicating that the delivery of miR-203 in vivo was successful. We then detected TYMS expression in the tumor tissues. As shown in Fig. 6B , the mice with miR-203 had a lower TYMS protein level than this level in the mice treated with miR-203 control or 5-FU alone. We also found that miR-203 alone did not affect tumor volume compared with the control. However, 5-FU treatment had a significant inhibitory effect on tumor growth. More importantly, when mice were treated with miR-203 and 5-FU together, tumor volume was inhibited more than with 5-FU treatment alone (Fig. 6C) . The images of tumor xenografts are shown at day 25 in Fig. 6D . Taken together, these data suggest that miR-203 enhances the inhibitory effect of 5-FU on tumor growth via the downregulation of TYMS.
Discussion
Resistance to chemotherapy is one of the primary obstacles to effective cancer treatment (16) , yet the mechanism is poorly clear in numerous types of cancers. In the present study, we demonstrated the molecular mechanism of 5-FU resistance in colorectal cancer cells. We found that miR-203 was downregulated in 5 miR-203 suppresses colon cancer cell proliferation and induces cell apoptosis, as well as increases the sensitivity to paclitaxel by downregulating Akt2 and its downstream genes that are involved in chemoresistance (17) . miR-203 also reverses the chemoresistance to 5-FU by targeting Bmi1 in breast cancer cells (18) . In addition, miR-203 suppresses cell proliferation, migration and invasion in prostate cancer (19) , indicating that miR-203 plays tumor-suppressive roles. In line with the findings in previous studies, our data showed that miR-203 increased colorectal cancer cell sensitivity to 5-FU in vitro and in vivo via the suppression of TYMS. Surprisingly, miR-203 was reported to induce resistance to oxaliplatin by downregulating ATM kinase in colorectal cancer cells (20) . Oxaliplatin causes cell apoptosis by inducing DNA damage, while paclitaxel plays antitumor roles by inducing M phaseassociated apoptosis (21) , and the action of 5-FU mainly depends on the interference of DNA synthesis. Different targets of miR-203 may be responsible for the cytotoxicity effects of oxaliplatin, paclitaxel and 5-FU on cancer cells, resulting in the different roles of miR-203 in chemotherapy. Previous studies indicate that miR-203 acts as a tumor-suppressor gene (19, 22) . However, in a tumor growth study, we found that miR-203 overexpression did not affect tumor growth without 5-FU treatment. Our experimental concentration of miR-203 (5 nM) was much lower than the miR-203 used in the previous report (miR-203 lentivirus) (22) . It is possible that miR-203 does not function as a tumor suppressor at a lower concentration.
To investigate the molecular mechanism of miR-203 in the cellular response to 5-FU, we validated that TYMS is a direct target of miR-203. miR-203 inhibition increased the luciferase intensity of TYMS 3'UTR, while miR-203 overexpression resulted in opposite effects. However, the inhibitory roles of miR-203 in TYMS expression was abolished when the binding site for miR-203 on TYMS 3'UTR was mutated. Furthermore, the TYMS protein level was suppressed by miR-203. TYMS is a cytosolic enzyme that alters the methylation of dUMP to dTMP and subsequently affects DNA synthesis and repair (23). The inhibition of TYMS is considered as a primary mechanism of 5-FU action (24) . Accumulating evidence shows that patients with low TYMS expression have a higher response to 5-FU and overall survival (6, 25, 26) . In contrast, overexpression of TYMS results in cell resistance to 5-FU (27, 28) . Accordingly, our functional experiment showed that silencing of TYMS increased cell sensitivity to 5-FU and mediated the inhibitory effects of miR-203 on tumor growth under 5-FU exposure. Therefore, TYMS can act as a predictive biomarker of the cellular response to 5-FU and a therapeutic target for 5-FU-based chemotherapy.
In conclusion, the present study indicates that miR-203 enhanced the cell resistance to 5-FU in vitro and in vivo via the downregulation of TYMS in colorectal cancer, and provides novel insight into the molecular mechanism of 5-FU resistance. The present study will facilitate the development of a therapeutic strategy for 5-FU-based chemotherapy.
